Although the impact of environmental changes on the demographic parameters of top predators is well established, the mechanisms by which populations are affected remain poorly understood. Here, we show that a reduction in the thermal stratification of coastal water masses between 2005 and 2006 was associated with reduced foraging and breeding success of little penguins Eudyptula minor, major bio-indicators of the Bass Strait ecosystem in southern Australia. The foraging patterns of the penguins suggest that their prey disperse widely in poorly stratified waters, leading to reduced foraging efficiency and poor breeding success. Mixed water regimes resulting from storms are currently unusual during the breeding period of these birds, but are expected to become more frequent due to climate change.
INTRODUCTION
There is an increasing interest in the use of top predators as bio-indicators of the state of marine ecosystems, to assess indirectly the impact of environmental changes on lower trophic levels (Verity et al. 2002) . In the marine environment, top predators that periodically return to land to breed offer the opportunity to investigate changes in the availability of marine resources (Boyd & Murray 2001) . Recent studies on the effects of climate change and the role of oceans in world climate regulation have concentrated on the associations of marine predators with large-scale, well-defined oceanic systems, such as oceanographic fronts at ocean basin scales (Cotté et al. 2007) or eddies on circumpolar scales (Biuw et al. 2007) . In contrast, research on top predators exploiting coastal ecosystems clearly lacks a comprehensive overview. This is probably because most physical data are collected at scales that would not suit the examination of the biology of species with a reduced foraging range. Nevertheless, local environmental changes are often associated with large-scale phenomena such as changes in sea surface temperature (SST; Georges & Le Maho 2003) , which can be compiled over vast areas. Data collected at the mesoscale (1 -100 km) are required to understand the mechanisms that link predatorprey interactions to the properties of the habitat, and to predict the evolution of these near-shore systems in the forthcoming years of intensifying climate changes.
To address this question, we used animal-borne datarecording devices (Ropert-Coudert & Wilson 2005) to monitor the foraging effort and success of a coastal marine predator, the little penguin Eudyptula minor.
We determined simultaneously biotic and abiotic characteristics of its environment at the microscale (1 m to 1 km) in terms of prey availability and vertical water temperature regimes. This approach ensures that physical data were collected at the same spatial and temporal scales as modifications in the penguins' behaviour occurred. Little penguins from Phillip Island (32816 0 S, 115821 0 E) that forage in northern Bass Strait, Australia, were a suitable model (figure 1) because the Bass Strait region experiences a great oceanographic variability. The waters of the Bass Strait on its western side are under the influence of two major flows: the Leeuwin current bringing SST anomalies of the Indian Ocean Dipole (IOD; Yamagata et al. 2004) , and the Flinders current, which is itself under the influence of the variability of the Antarctic Circumpolar Wave through complex forcings (Middleton et al. 2007) . The diving behaviour of the penguins was compared between two years of contrasting environmental conditions: October to December 2005 corresponded to a negative SST anomaly, and October to December 2006 corresponded to a positive SST anomaly (see an illustration of this on the Japanese weather bureau page, which presents SST anomalies provided by the NOAA: http://www.data.jma.go.jp/gmd/ cpd/db/elnino/learning/faq/elnino_table.html). Although these anomalies were under the threshold above which they could qualify as La Niñ a and El Niñ o events, the SST patterns in 2005 and 2006 resembled those observed during weak La Niñ a and El Niñ o events.
MATERIAL AND METHODS
Twenty penguins (10 in November 2005 and 10 in November 2006, in an equal sample of males and females) guarding 1-to 2-week-old chicks, and conducting one-day foraging trips within 20 km from the colony (Collins et al. 1999) , were monitored each year between late October and mid-December. This sample size was defined using power analysis and considering limits regulated by the ethics permit. Breeding success at the level of the colony was measured as the number of chicks fledged per pair (details in Daniel et al. 2007) ; peak chick mass and initial linear chick growth were also determined (details in Chiaradia & Nisbet 2006) .
Twelve-bit, 52 Â 15 mm, four-channel data loggers (Little Leonardo, Japan) were used to record depth (resolution 0.05 m) and temperature (0.018C) every second, and acceleration along the heave and surge axes of birds at 16 Hz. As each flipper beat is measured on the heave axis, we could clearly identify periods of higher frequency than the normal cruising frequency values observed during travel periods (3.16 Hz). Increased flipper beat frequency indicates that a prey has been encountered and chased (Ropert-Coudert et al. 2006a) . Although this increase in flipper beat frequency is not a direct measure of prey ingestion, it reflects the rate at which prey are found in the water column, thus providing a good estimate of prey availability. Because our temperature sensors have a slow time response, T 0.9 ¼ 15 s, we corrected the temperature associated to depth depper than 5 m following Daunt et al. (2003) . This correction allowed us to qualitatively compare changes in the temperature during dives between the two years. Diet samples were collected each year by stomach flushing (Wilson 1984) of ten birds at the same breeding stage, but from a neighbouring colony.
After testing the data for normality and log-or arcsine transformation, we compared diving parameters of birds using Student t-tests for single parameter and generalized linear mixed models, with birds as the random factor, sex and years as fixed factors, for repeated measurements. As dive duration and bottom phase duration depend on the maximum depth of dives, depth was added as a covariate to the models for these parameters. Analyses were conducted using JMP 8 (SAS Institute Inc.). Results are expressed as mean + s.d. for single parameters, and as least-square mean + s.e. The significance level was set at p ¼ 0.05.
RESULTS
The colony of little penguins at Phillip Island has been closely monitored three times a week since 2000 to determine breeding activity, in particular chick production and growth (Chiaradia & Nisbet 2006 
DISCUSSION
The well-stratified waters observed in 2005 corresponded with a greater rate of prey encounter. Prey were probably less dispersed and this consequently led to a greater foraging success for little penguins. This suggests that the prey of little penguins was mainly concentrated at the thermocline, in a similar manner to Pacific bluefin tuna Thunnus orientalis, whose vertical migration is apparently an immediate response to the depth of a thermocline (Kitagawa et al. 2000) . The association between enhanced prey capture and the presence of a thermocline at around 20 -25 m depth needs to be regarded in the light of the maximum diving ability of little penguins being 66.7 m (Ropert-Coudert et al. 2006b), which is about 10 m above the seabed of the zone within the foraging range of the birds. The penguins rarely dive to such extreme depths and most of their diving effort takes place in the water mass above the thermocline. Also, breeding success of little penguins is negatively correlated with the bathymetry (depth) of the foraging area; that is, birds having access to shallower waters to forage generally present a higher breeding success than those that forage in deeper waters . Any physical barriers reducing the escape field of prey, like bathymetry, might optimize the foraging efficiency of penguins. In this regard, the greater prey encounter rate of little penguins diving in stratified waters indicates that the thermocline may act as a physical barrier, either by reducing the fish escape field or by concentrating prey around the thermocline. The same behaviour-that is, predators diving preferentially at a thermocline-has been suggested at a greater oceanic scale for southern elephant seals Mirounga leonina (Boyd & Arnbom 1991 ). In contrast, the waters in 2006 were well mixed and little penguins encountered prey less frequently. The depth distribution of foraging dives in 2006 indicates that the distribution of prey in the water column was probably more diffuse. In summary, prey availability to top predators may be enhanced in stratified coastal waters but reduced in highly mixed waters.
Given the apparent negative effect that a reduced stratification has on the foraging ability of little penguins, we predict that such unfavourable conditions will occur more frequently in the future. It is now commonly accepted that climate change is accompanied by an increased likelihood of abrupt changes in ecosystems (IPCC 2007) , similar to the unusual weather event that took place in the latter part of 2006 in Southern Victoria (see §3). It has been noted that during previous El Niñ o events (e.g. 1982) the westerly wind around Tasmania strengthened (Harris et al. 1987) . This tendency for a strengthening of the westerlies in future climate change has been recently confirmed by model results (e.g. Cai et al. 2005) . Stronger westerlies could contribute to an increased degree of vertical mixing in the upper layer of the water column in specific local zones (Kraus & Turner 1967) . Note that, at the timescale of our study, one or two strong storms are enough to change the stratification characteristics without these isolated events reflecting the monthly or bi-monthly average conditions at which oceanographic data are collected.
Here, we developed a case study with little penguins, but our results may not be representative of all predators foraging on fish in coastal zones. However, our observations that a thermocline plays an important role in the distribution of marine resources, and may influence the foraging efficiency of predators, are similar to the Kitagawa et al. 2000) . Further studies are required in other areas, and the role of thermoclines in structuring marine ecosystems should be considered at different spatial and temporal scales. For instance, the recent suggestion to mix ocean water artificially in an attempt to help the planet 'to heal' itself (Lovelock & Rapley 2007) could have direct detrimental consequences at local scales on the presence of vertical gradients, and thus potentially on the foraging efficiency of top predators and the availability of their prey.
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